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Abstract
We consider a characteristic gamma-ray signal coming from Virtual Internal Bremsstrahlung of real scalar Dark Matter,
which is the leading process of photon emission generated by Dark Matter annihilation. The signal can be consistent
with the observed relic density of Dark Matter because of the strong suppression of the 2-body annihilation. Relation
between the strong gamma-ray signal and the recent positron excess of AMS-02 is also discussed. A large s-wave of
Dark Matter annihilation cross section is required to generate such a positron excess. This is achieved by taking into
account both of left and right chiral couplings of Yukawa interaction.
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1. Introduction
The existence of Dark Matter (DM) is crucial from the observations such as rotation curves of spiral
galaxies [1], Cosmic Microwave Background observation [2], collision of bullet cluster [3]. Theoretically
a lot of DM candidates have been studied. In particular, Weakly Interacting Massive Particle (WIMP) is a
strong candidate of DM, and various experiments to detect it are being performed like direct and indirect
detection and collider search.
A sharp peak of gamma-ray from the galaxies can be a strong evidence of DM since we do not know any
astrophysical origin of such a sharp spectrum. Thus many experiments are working to explore such a signal.
It has been claimed that there is a peak around 130 GeV with more than 4σ signiﬁcance level in Fermi-LAT
data [4, 5]. Meanwhile, Fermi-LAT collaboration itself has derived a smaller signiﬁcance 3.3σ [6]. Thus
this excess would be a ﬂuke, and further theoretical and experimental investigations are needed to make it
clear. The required cross section into gamma-ray is roughly 〈σv〉 ∼ 10−27 cm3/s depending on annihilation
channels, DM proﬁle and the value of local DM density. Although this is below the canonical value of
thermal DM, in general it is not easy to derive such a cross section since DM has no interaction with photon
at tree level. On the other hand, the positron excess with upper than 10 GeV of energy has been observed
in the cosmic-ray by AMS-02 [7] and PAMELA [8]. It also may be the origin of DM, or astrophysics like a
pulsar. Here one has to note that a large annihilation cross section is necessary to explain the excess by DM
annihilation. The typical cross section is roughly 〈σv〉 ∼ 10−25 or 10−24 cm3/s.
In this talk, we try to investigate connection between gamma-ray signature of DM and positron excess
observed by AMS-02, based on the papers [9, 10].
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2. Gamma-ray Flux
We consider a real scalar DM χ which has the Yukawa interaction
L = yLχψPL f + h.c., (1)
where ψ is an electromagnetic charged fermion mediator, f is a light fermion in the Standard Model (SM)
such as leptons or light quarks. The left chirality is assumed here, but the following discussion does not
change either of left or right chirality. This interaction implies that χ and ψ have Z2 odd parity to stabilize
DM. Although a scalar coupling χ2|H|2 always exists where the Standard Model Higgs H, it should be
extremely small from the constraint of direct detection of DM. Hence we neglect the scalar coupling in
the following discussion. The main annihilation process needed to estimate the thermal relic density is
χχ→ f f , and it is expanded by the relative velocity v as
σv f f ≈
y4L
4πm2χ
m2f
m2χ
1
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where the assumption mf /mχ  1 is taken into account and μ = m2ψ/m2χ. One can see from Eq. (2) that
s-wave (1st term), p-wave (2nd term) can be neglected and d-wave (3rd term) only remains in chiral limit
(mf /mχ → 0). Thus the thermal relic density of DM is almost determined by d-wave annihilation.
Because of the d-wave suppression of the 2-body annihilation, somewhat large Yukawa coupling is
required in order to achieve the correct relic density of DM. As a result, a strong gamma-ray emission
by internal bremsstrahlung χχ → f fγ is expected. Internal bremsstrahlung is understood as radiative
correction for the 2-body annihilation and it is obtained by attaching a photon to the ﬁnal state particles f , f
and the intermediate particle ψ. The amplitude is divided to two pieces named Final State Radiation (FSR)
and Virtual Internal Bremsstrahlung (VIB). The part of FSR is proportional to the 2-body cross section
Eq. (2), thus it can be negligible since the velocity is typically v ∼ 10−3 at the present universe. The main
contribution comes from VIB and the diﬀerential cross section is calculated as
dσv f fγ
dx
=
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4π2m2χ
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(3)
in the limit of v→ 0 where x = Eγ/mχ. The gamma-ray energy spectrum shows a sharp peak at a bit below
DM mass when μ is not far from 1, and it can be a strong signature of DM.
As an example, we try to ﬁt to the gamma-ray excess of Fermi-LAT data around 130 GeV with the
constraint of thermal relic density of DM [2]. The 53 data points are used to ﬁt with the same set up of
ref. [11]. Then we obtained the following ﬁtting parameters: mχ = 155 GeV, μ = 2.05, yL = 1.82 with
χ2min = 65.57/(51 d.o.f). Therefore the total cross section is estimated as 〈σv f fγ〉 = 4.7 × 10−27 cm3/s by
using the parameters which is compatible with ref. [4]. More detail of the analysis is shown in ref. [9, 12].
3. Positron and Electron Flux
As we have seen, s-wave and d-wave are suppressed if we have only left or right chirality of Yukakwa
interaction. Conversely we need s-wave for χχ → f f to reproduce the positron excess of AMS-02. To do
this, the Lagrangian is extended to have left and right chiralities both as
L = yLχψPL f + yRχψPR f + h.c.. (4)
As a result, the annihilation cross section into f f is modiﬁed to
σv f f ≈
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Fig. 1. Energy spectrum of gamma-ray from DM annihilation.
in the chiral limit. Note that s-wave and p-wave appear in Eq. (5). Internal bremsstrahlung cross section
is also modiﬁed to include yR. We assume a hierarchy between Yukawa couplings yL and yR otherwise the
strong gamma-ray of internal bremsstrahlung disappears by a strong broad gamma-ray spectrum of FSR.
The gamma-ray energy spectrum is shown in Fig. 1 for several values of yR/yL. When yR/yL goes to zero,
it corresponds to exactly Eq. (3) which gives a sharp gamma-ray spectrum, while the peak disappears when
yR and yL are same order. Hence yR  yL but non-zero yR is required to get both of sharp gamma-ray and
e± emission from DM.
The ratio of positron ﬂux is deﬁned by
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where each component of the predicted backgrounds and unknown source is given by
dΦbkge+
dE
= 2.17 × 10−3E−3.80, (7)
dΦbkge−
dE
= 2.38 × 10−2E−3.17, (8)
dΦse+
dE
= CsE−γs e−E/Es , (9)
with the unit GeV−1cm−2s−1sr−1. Note that the e± energy E is normalized to GeV scale. The e± backgrounds
have been evaluated by optimizing the ﬁtting to the positron fraction of AMS-02 [7] and the total e+ +
e− ﬂux [13, 14]. The term dΦse+/dE implies the unknown contribution coming from other than our DM
annihilation, whose origin is assumed such as a pulsar or another DM contribution, for example. This is
expressed by three parameters Cs, γs and Es. The e± ﬂuxes coming from DM annihilation is evaluated as
dΦDMe±
dE
=
ve±
4πb(E)
ρ2

2m2χ
〈σve±〉
∫ mχ
E
dNe±
dEinj
I
(
E, Einj
)
dEinj, (10)
where ve± is the e± velocity, b(E) is the energy loss coeﬃcient, ρ
 = 0.4 GeV/cm3 is the local DM energy
density at the solar system, 〈σve±〉 is the cross section of e± emission from DM, dNe±/dEinj is the energy
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mχ [GeV] 〈σve±〉 [cm3/s] χ2min/(d.o.f)
e+e− 109 2.5 × 10−26 9.54/26
μ+μ− 156 9.5 × 10−26 11.25/26
Table 1. Best ﬁt parameters to AMS-02 for e+e− and μ+μ− ﬁnal states. Note that the parameters of the unknown source term are also
adequately ﬁxed for both cases respectively.
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Fig. 2. Fitting to AMS-02 data for e+e− ﬁnal state.
spectrum of e±, I(E, Einj) is the reduced halo function and Einj is the injection energy of e± [15]. The
energy spectrum of e± depends on the ﬁnal state f f . If f is electron, it is just written by the delta function.
However if f is the other leptons or light quarks, it must be calculated by a Monte Carlo event generator like
pythia [16, 17].
We attempt ﬁtting to AMS-02 data with the above set up where the data more than 20 GeV are used
here. The best ﬁt DM mass and cross section are shown for e+e− and μ+μ− ﬁnal states in Tab. 1. Meanwhile
we obtained the chi-square χ2min = 11.56/(28 d.o.f) for no DM contribution. We do not consider τ
+τ− and
quarks in the ﬁnal state since it gives a lot of broad gamma-ray and is severely constrained. From the result,
one can ﬁnd that a better ﬁtting is obtained for e+e− case than no DM contribution, but not for μ+μ− case.
This is because the sharp ﬂux of e+e− can ﬁt well to the small damp around 100 GeV shown in Fig. 2.
The obtained result here implies that dominant contribution of the e± ﬂux comes from the unknown source
and the DM origin is subdominant. Thus the required cross sections are not so large as the typical value
〈σv〉 ∼ 10−25 or 10−24 cm3/s which is illustrated in Tab. 1.
4. Summary
WIMP is a strong candidate of DM and is explored by many experiments in terms of gamma-ray
and positron fraction from the galaxies. We have tried to connect between gamma-ray and e± emission
coming from DM annihilation. In particular considering a real scalar DM, the gamma-ray from internal
bremsstrahlung which shows a sharp peak spectrum became large because of d-wave suppression of the
2-body annihilation. As a result, the strong gamma-ray emission has been able to be consistent with thermal
DM production. Moreover we have extended the Yukawa interaction with left and right chiralities and in-
vestigated the e± ﬂuxes from DM annihilation. A better ﬁtting to AMS-02 has been obtained for e+e− case
than no DM contribution because of the sharpness of the ﬂux.
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In the analysis, we have considered both of gamma-ray and e± emission separately. We should take into
account them simultaneously to study more exactly as future works.
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